BACKGROUND: There are no life-tables quantifying the average life-spans of post-hospitalized heart failure populations across various strata of risk. OBJECTIVE: To quantify the life-expectancies (i.e., average life-spans) of heart failure patients at the time of hospital discharge according to age, gender, predictive 30-day mortality heart failure risk index, and comorbidity burden. DESIGN: Population-based retrospective cohort study. SETTING: Ontario, Canada. PATIENTS: 7,865 heart failure patients discharged from Ontario hospitals between 1999 and 2000. MEASUREMENTS: Data were obtained from the Enhanced Feedback for Effective Cardiac Treatment EF-FECT provincial quality improvement initiative. All patients were linked to administrative data, and tracked longitudinally until March 31, 2010. Detailed clinical variables were obtained from medical chart abstraction, and death data were obtained from vital statistics. Average life-spans were calculated using Cox Proportion Hazards models in conjunction with the Declining Exponential Approximation of Life Expectancy (D.E.A.L.E) method to extrapolate life-expectancy, adjusting for age, gender, predicted 30-day mortality, left ventricular function and comorbidity, and was reported according to key prognostic risk-strata. RESULTS: The average life-span of the cohort was 5.5 years (STD +/− 10.0) ranging from 19.5 years for low-risk women of less than 50 years old to 2.9 years for high-risk octogenarian males. Average life-spans were lower by 0.13 years among patients with impaired as compared with preserved left ventricular function, and by approximately one year among patients with three or more as compared with no concomitant comorbidities. In total, 17.4 % and 27 % of patients had died within 6 months and 1 year respectively, despite having predicted life-spans exceeding one-year. LIMITATIONS: Data regarding changes in patient clinical status over time were unavailable.
INTRODUCTION
Heart failure remains among the leading causes of death from cardiovascular disease in North America. 1 Heart failure has been determined to be a significant determinants of survival among patients with other chronic conditions. 2 Furthermore, the prognosis associated with heart failure is comparable with many advanced cancers. [3] [4] [5] However, no study has generated life-tables or quantified the average life-spans of heart failure populations, particularly from the point of hospital discharge onward-a point in time associated with clinical vulnerability and fragility in which management decisions, regarding endof-life decision-making may be important. [6] [7] [8] [9] Life-expectancy data may allow physicians to better advise their patients on prognosis, [10] [11] [12] [13] [14] [15] [16] [17] [18] may help physicians make medical and surgical decisions (e.g., implantable defibrillators, cardiac resynchronization therapy, transplantation), 19 and may help in the medical decision-making process where treatment options exist, given that patient treatment preferences may vary according to their life-expectancy. 20, 21 Life-expectancy data may also have implications for policy, especially in the prioritization and allocation of scarce resources. 22, 23 Life-expectancy data are derived from the area under a survival curve of a population. Many studies are limited by their durations of follow-up, leaving many individuals alive at the end of a follow-up period. In such circumstances, area under the survival curve may underestimate life-expectancy. Consequently, most heart failure studies have relied on presenting median survival rather than mean survival or life-expectancy (i.e., herein termed average life-spans). 24 However, life-expectancy data may allow for better estimations of life-years lost or gained as a result of heart failure therapies. 11 Few studies have followed a population-based heart failure cohort long enough to allow for a sufficient number of deaths to permit estimation of average lifespan. Moreover, no study has ever determined the average lifespan of heart failure populations within strata defined by different clinical risk profiles.
Accordingly, the objective of this long-term natural history study was to quantify the average life-span of heart failure patients from the point of hospital discharge, according to age, gender, clinical risk-severity, and comorbid disease burden.
METHODS

Data Source
The Enhanced Feedback for Effective Cardiac Treatment (EFFECT) project was a cluster randomized trial conducted in Ontario, Canada to evaluate the effectiveness of public report cards in improving quality and outcomes of cardiac care. The EFFECT heart failure project was designed to be representative of the heart failure population of Ontario, and consisted of consecutive patients hospitalized with a most responsible diagnosis of heart failure across 86 Ontario acute care institutions from April 1, 1999 to March 31, 2000. 25 Any patients who had a previous heart failure hospitalization within 3 years were excluded. Each patient was tracked longitudinally forward until March 31, 2010 using administrative data linkage. Mortality outcomes were determined by linking the EFFECT dataset to the Ontario Registered Persons Database (a database derived from vital statistics data) using unique encrypted patient identifiers to protect patient confidentiality. The Registered Persons Database is maintained by the Ministry of Health and Long Term Care and contains mortality information including date of death for each patient who has a valid OHIP health card in Ontario. The accuracy of the mortality data has been previously validated by linking the myocardial infarction data directly to provincial vital statistics data at Cancer Care Ontario with agreement rates of 99 %. 26 In our study, no patients were lost to follow-up, with evidence of active health care claims during the last year of follow-up (or in the last year of life, in the case of death). This study was approved by Sunnybrook Health Sciences Centre's Research Ethics Board.
Study Sample
Patients with heart failure were initially identified from the Canadian Institute for Health Information discharge abstract database using International Classification of Disease (ICD) 9th code 428 for heart failure. Trained nurse abstractors further validated the diagnosis of heart failure with hospital chart records using Framingham criteria. 27 Only those EFFECT patients who met a clinical diagnosis of heart failure and survived until hospital discharge were included in this study.
Clinical Risk Parameters
The probability of 30-day mortality was determined using the EFFECT-Heart Failure mortality prediction risk score. This score consists of age, admission characteristics (respiratory rate, systolic blood pressure, cerebrovascular disease, dementia, COPD, hepatic cirrhosis, cancer), and laboratory values (urea nitrogen, sodium concentration, hemoglobin). The EFFECT-heart failure 30-day mortality risk score has been previously validated. 28, 29 In addition to the 30-day mortality risk score, other indices of risk included age, gender, left ventricular function, and the number of comorbid illnesses, as determined from medical chart abstraction.
Statistical Analyses
The average life span for patients in each subgroup was derived from the area under the survival curve. Lifeexpectancy data were reported as means and standard deviations. Average life-spans (i.e., life-expectancies) were calculated for the following five subgroups: Age (<50 years, 51-60 years, 61-70 years, 71-80 years, and >80 years), gender (male vs. female), predicted 30-day mortality risk (stratified about the median for the population), left ventricular function (impaired as defined as<= 40 %, preserved as defined as> 40 %), and the number of concomitant comorbid illnesses (0, 1 or 2, 3 or more).
The Declining Exponential Approximation of Life Expectancy (D.E.A.L.E) method was used to extrapolate life-expectancy. 30, 31 D.E.A.L.E is based on the assumption that survival follows a simple declining exponential function over time when extrapolating the survival curve from the last observed duration of follow-up to the time point at which all subjects were predicted to have died (survival function=0). The mortality rates were determined using the first and last available time points on the survival curve.
Cox Proportional Hazards, in conjunction with the D.E.A.L.E methodology above, was used to generated riskadjusted survival curves, adjusting for age, gender, predicted 30-day mortality risk, left ventricular function (impaired vs. preserved) and comorbidity (number of comorbid illnesses), such that average life-spans were derived for each covariate pattern of each patient represented in our cohort. Time to death was regressed on baseline patient characteristics, and a predicted survival curve was generated for each subject.
We undertook sensitivity analyses in which we compared our primary method of analyses, with two other methodologies. The first method did not incorporate risk-adjustment techniques but rather estimated average life-spans by using estimated Kaplan-Meier survival curves in conjunction with the D.E.A.L.E extrapolation. The second method did incorporate risk-adjustment techniques and estimated average life-spans by using the multi-step left-truncated, rightcensored survival analysis methodology as developed by Mark and colleagues at Duke university. 32, 33 This method incorporates empirical patient-level data to extrapolate survival beyond an observed, but limited, follow-up period that allows for the estimation of an entire survival distribution for a specific patient population, 33, 34 and estimates the hazards of death as a function of age (as opposed to time). These estimated survival distributions are made up of two components: (1) survival based on the observed survival period, and (2) the lifetime survival projection beyond the observed study follow-up period. This "age-based" adjusted survival prediction model avoids the use of parametric assumptions or simulation techniques, 34 has been evaluated against traditional survival analytic techniques, and has been applied to clinical trial data, observational data, and cost-effectiveness analyses. 32, 33 The steps are summarized as follows: First, among patients experiencing acute life threatening events, such as acute myocardial infarction and heart failure hospitalizations, the initial months following hospitalizations are associated with significant changes in the hazard rates over time. 24, 35 Given that age-based model depends on the assumption that the hazard rate (as a function of age) remains stable over time, the survival distribution in the early stage of the follow-up was based on a traditional timebased Cox proportional hazards model in which time-todeath was adjusted for age, gender and all of the above covariates. 33 For the time-to-death Cox proportional hazards phase of the analysis, patients were censored at 4 years following hospitalizations-4 years being a conservative time interval in which mortality hazards will have already stabilized following hospitalizations for our study populations. 24, 35 Second, among those individuals surviving 4 years and beyond, Cox Proportional Hazards was then used to model five year survival as a function of age (rather than time) in order to generate age-specific predicted Low risk=predicted risk of 30 day mortality less than the heart failure median (3.05 %); high-risk=predicted risk of 30 day mortality higher than or equal to the median; predicted 30-day mortality was derived using the EFFECT Heart Failure 30 day risk score. † Extrapolation used the Declining Exponential Approximation of Life Expectancy (DEALE) which assumes the mortality rates are constant. Cox Proportional Hazards models were used in conjunction with DEALE extrapolation, adjusting for age, sex, predicted risk of 30-day mortality, left ventricular function, and comorbidity. Life-expectancies were derived from the areas under the respective survival curves.
survival curves that were adjusted for the specific covariates described above. Age-specific survival curves (conditional upon patients surviving the first four years) were then converted to time-specific survival curves (i.e., the probability of surviving for x number of additional years) for each patient based on his/her covariate pattern. Third, the survival probabilities derived from steps 1 and 2 above were then combined to determine an overall survival curve for each patient. The area under this survival curve was then calculated to predict the life expectancy of each patient, since the area under a survival curve is the expected lifetime or survival time.
We conducted the statistical analyses using SAS software, version 9.2 (SAS Institute, Inc., Cary, NC). All statistical tests were two-tailed and P values of <0.05 were considered statistically significant.
Role of the Funding Source
This project was supported by CIHR operating grant number MOP 79514. The funding source had no role in the design, analyses, or interpretation of the study.
RESULTS
The EFFECT cohort included 7,865 hospitalized heart failure patients. The mean age was 75.37 years (SD: 11.47); 50.2 % were female; the mean baseline 30-day mortality risk, as derived using the EFFECT-Heart Failure mortality index, was 4.0 % (SD: 3.18) ( Table 1) ; The median survival for the cohort was 1.97 years (IQR: 0.75-3.38), with 7.4 % and 27 % of patients having average life-spans of less than 6 months and 12 months respectively. Table 2 illustrates average life spans and baseline risk scores across age-categories, gender, and baseline predicted 30-day mortality risk. Using the Kaplan-DEALE method, the average life-span of the discharged heart failure population was 5.5 years (SD: 3.8), with life-expectancy similar between men and women, but ranging approximately 4.5 years between low and high-risk individuals. On average, 9 % and 14.7 % of low-risk patients had average life-spans of less than 6 months and one year respectively, while 25.7 % and 39.2 % of high-risk patients had average life-spans of less than 6 months and one year respectively (Fig. 1) . Figure 1 . Percent of patients with average life-spans of less than 6 months and less than 1 year by gender and predicted mortality risk score. Error bars correspond to % variations in age from <50 to >80 years old. Predicted mortality risk were derived using the EFFECT Heart Failure 30-day risk score (high-risk=predicted risk of 30 day mortality higher than or equal than the median; low-risk=predicted risk of 30 day mortality lower than the median; the median 30-day mortality rate was 3.05 %). (Fig. 2) . Table 4 illustrates average life-spans across age, gender, and comorbidities. Patients with multiple comorbidities at baseline generally had a reduction in their average lifespans by approximately one year, depending on the age gender subgroup and the survival analytic methods employed. The adverse effects of comorbidity on lifeexpectancy were more pronounced in younger than in older ages. In total, 15.7 % and 24.1.7 % of patients with fewer than three comorbidities had average life-spans of less than 6 months and one year, respectively, and 17.9 % and 27.9 % of patients with three or more comorbidities had average life-spans of less than 6 months and one year respectively (Fig. 3) .
Sensitivity Analyses
Results using the Cox Proportional Hazards DEALE methodology yielded comparable life-expectancies to those generated from Kaplan-Meier-DEALE techniques with a 0.01 year difference in overall life-expectancies between the two methods (Life-expectancy +/− SD=5.54 +/− 3.80 and 5.53 +/− 10.02 for Cox Proportional Hazards-DEALE and Kaplan-Meier-DEALE). Among lower risk patients, Cox Proportional Hazards-DEALE yielded modestly longer lifeexpectancies than the Kaplan-Meier-DEALE method (Lifeexpectancy +/− SD: 7.85 +/− 4.10 and 7.31 +/− 13.33, CoxProportional Hazards DEALE vs. Kaplan-Meier-DEALE respectively), whereas the converse was true for high-risk populations (Life-expectancy +/− SD: 3.23 +/− 1.19 and 3.53 +/− 6.94; Cox-Proportional Hazards-DEALE vs. Kaplan-Meier-DEALE, respectively). In contrast, the agebased left truncated right censored method yielded lifeexpectancies that were 2 to 4 years shorter than the other two methods (Life-expectancy +/− SD: 3.81 +/− 2.13 and 2.11 +/− 0.49 and 3.02+/− 1.81 for low-risk, high-risk, and the total population respectively). Similar patterns were observed across left ventricular and comorbidity strata. When examining the subgroup of 6839 patients (87 % of the entire cohort) who had died during follow-up, the correlation between observed and predicted life-expectancies were highest for Kaplan-Meier (r=0.92) followed by Cox Proportional Hazards (r=0.72). However, age-based truncation yielded poor correlation between observed and predicted life-expectancies (r=0.66).
DISCUSSION
Our study confirms the feasibility of generating adjusted life-tables for post-hospitalized heart failure populations. The average life-spans of heart failure patients at the time of hospital discharge was 5.5 years, with over 17 % and 25 % of patients having average life-spans of less than 6 months and 1 year respectively. Average life-spans markedly varied according to age, gender, baseline predicted mortality risk, left ventricular function, and comorbidity burden.
While there have been many longitudinal studies which have calculated median survival among heart failure patients, ours is the first to have derived life-expectancies in subgroups defined by key clinical and comorbid factors. 36 Given that survival data are skewed, median survival will under-estimate the average life-span of heart failure populations. Few heart failure population-based studies have tracked all patients until death. Our study provided the longest follow-up of any contemporary natural history heart failure study, and did so from a key transitional inception point (i.e., hospital discharge) among unselected cases. Our results yielded comparable one-year mortality rates and median survival rates as other population-based heart failure cohorts. For example, the median survival after the onset of heart failure in the Framingham study was 1.7 years in men and 3.2 years for women. 37 There have been several statistical approaches proposed when estimating life-expectancies among disease-specific populations, where follow-up periods are insufficient for the longitudinal tracking until all patients have not died. Most such approaches, including Cox Proportional Hazards, require assumptions about survival distributions and/or hazards of risk over time, which may or may not be valid. 34 Our study was less dependent on data extrapolation and predictive modeling, given that nearly 90 % of our sample had died during follow-up.
While no gold-standard existed in our study, the riskadjusted average life-spans derived using Cox-Proportional Hazards models were similar to the risk-stratified average life-spans generated from Kaplan-Meier survival techniques. Both methods incorporated the DEALE extrapolation which assumes a simple exponential declining survival function over time. In contrast, the age-based left-censoring adjusted survival analytic methods yielded life-expectancies markedly shorter than the other two methods, for reasons that are not entirely clear. The age-based left truncated right-censoring analysis has the theoretical advantage of not requiring specific parametric assumptions about the form of the survival function. While previous studies have also demonstrated that age-based left censoring methods compare favourably against other traditionally applied survival analytic techniques (e.g., exponential distribution) which performed poorly in complex populations, our results suggested otherwise. 33 Our study also yielded important observations when interpreted within the context of other populations. For example, as compared with otherwise healthy non-diseased individuals, we demonstrated that patients with heart failure had life expectancies in keeping with many advanced malignant diseases. [38] [39] [40] [41] However, sex-specific differences in average life-spans that are known to exist among otherwise healthy populations were observed to have been only modest or negligible in our study. Specifically, as abstracted from life-table data, the average life-expectancies of healthy men and women ages 50-60 years are 24.7 and 32.7 years respectively. 42 However, as demonstrated in our study, the average life-spans among otherwise low-risk heart failure patients of similar ages was 5.65 years for men, and 6.28 years for women. These results suggest that gender-specific life-expectancy differences may be markedly attenuated or abolished in patients discharged from hospitalization as a result of heart failure. Several studies have suggested that prognostication using life-expectancy can theoretically play an important role in clinical decision-making particularly among patients at or near their end-of-life. 6, 8, 16, 17, 33, 43 For example, eligibility for hospice care usually necessitates that patients have average life-spans of less than six months. 20, 44 Conversely, eligibility for cardiac defibrillator therapy generally necessitates minimum life-expectancies of greater than oneyear. 10, 11 In our study, 20 % of heart failure patients died within 6 months, and 30 % died within one-year. One might have accordingly concluded that up to 20 % of individuals would have been potentially eligible to receive hospice care and 30 % ineligible to receive cardiac defibrillator therapy, based on mortality data alone. However, the average lifespans for all subgroups examined in our study actually exceeded one-year, suggesting that few, if any patients would have been identified apriori as being eligible for hospice care or ineligible for cardiac defibrillator therapy from point of hospital discharge based on best available life-expectancy methodologies. Such observations underscore a challenge when implementing life-expectancy eligibility requirements within clinical guideline criteria. Despite the incorporation of detailed clinical data and riskadjustment methodology, life-expectancies for heart failure populations lacked precision especially for those at or near their end-of-life-a finding consistent with other studies. 45 Notwithstanding imprecision in life-expectancy estimates at or near the end of life, available evidence suggests that explicitly derived life-expectancy data which incorporate statistical approaches such as the ones used in this study may be superior to implicit, best-judgement estimates of average life-spans at the bed-side, 8, 16 as evidenced by markedly lower than expected mortality rates among heart failure patients referred to hospice care following hospitalization. 44 In order for life-expectancy data to become more clinically applicable, future research must improve predictive risk-assessment criteria and/or risk-assessment methodology to more accurately identify those individuals with limited life-expectancies following heart failure hospitalization. That said, our study serves as the first in a series of risk-specific life-tables for heart failure populations, against which other life-expectancies can be compared.
Beyond end-of-life prognostication, average life-span data for heart failure populations have theoretical advantages in providing more accurate life-table information. Unlike median survival, life-expectancy data can be used to more accurately quantity of number of months gained or lost as a result of therapy-measures which can better inform the risk-benefit tradeoffs and cost-effectiveness of therapies, which may imply that the withholding of selected therapies. [46] [47] [48] Life-expectancy data may be used to motivate the participation in, the referral to, and/or the provision of access for, prevention activities and/or health care-related services. 49, 50 Life-expectancy data can also be applied for other purposes, such as population health surveillance and health outcomes research, 51, 52 as well as policy and system-planning. 43, [53] [54] [55] [56] There are several limitations with our study. First, while our life-expectancy data adjusted for several important clinical variables at baseline, others such as ethnicity, socio-economic status, psychosocial factors, and lifestyle behaviours were not included in our predictive models. Moreover, data regarding changes in clinical severity over time were not available and could not be adjusted for in our analyses. Second, a minority of patients remained alive at the end of the study follow-up period, which necessitated DEALE extrapolation methods to project future mortality. While we do advocate interpretative caution, we believe that such extrapolation will have had only modest impact on our overall results, given that nearly 90 % of our cohort had died --an observed event rate far higher than most other population-based heart failure studies. Finally, not all patients were incident heart failure cases. While all patients had been free of heart failure hospitalizations for at least 3 years prior to inception, some patients may have had previous diagnoses of heart failure in ambulatory care settings or through other remote hospitalizations.
In conclusion, the determination of risk-adjusted lifeexpectancies for heart failure populations is feasible. The average life-span of patients discharged from hospital with heart failure varies widely across clinical risk strata and comorbidity burden, and are comparable to many advanced stages of cancer. While the clinical applicability of such data necessitates further research, such data could have utility for clinical decision-making, system-planning and prioritization, particularly among those with limited life-expectancies. 
